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Cascade production from antikaon induced reactions on lambda and sigma
C. H. Li and C. M. Ko
Cyclotron Institute and Physics Department, Texas A&M University, College Station, Texas 77843
Using a gauged flavor SU(3) invariant hadronic Lagrangian, we study Ξ production from K¯
induced reactions on Λ and Σ in a coupled-channel approach. Including the four channels of K¯Λ,
K¯Σ, piΞ, and ηΞ, we solve the Bethe-Salpeter equation in the K-matrix approximation by neglecting
the off-shell contribution in the intermediate states. For the transition potential which drives the
higher-order contribution, we consider all allowed Born diagrams in the s, t, and u channels. With
coupling constants determined from the SU(3) symmetry with empirical input, we find that the
cross sections for the reactions K¯Λ → piΞ, K¯Σ → piΞ, K¯Λ → ηΞ, and K¯Σ → ηΞ all have values of
a few mb. In contrast to the results from the lowest-order Born approximation, the magnitude of
these cross sections is less sensitive to the values of the cut-off parameters in the form factors. From
the transition matrix in the coupled-channel approach, we have further evaluated the cross sections
for the elastic process K¯Λ → K¯Λ, K¯Σ → K¯Σ, piΞ → piΞ, and ηΞ → ηΞ as well as for the inelastic
processes K¯Λ → K¯Σ and piΞ → ηΞ. Implications of the reactions studied here in Ξ production from
relativistic heavy ion collisions are discussed.
PACS number(s): 13.75.Jz
I. INTRODUCTION
Because of the large production rate of strange quarks
in a quark-gluon plasma, enhanced production of hadrons
consisting of multistrange quarks has been suggested as
a possible signal for the quark-gluon plasma that is ex-
pected to be formed in relativistic heavy ion collisions
[1]. However, multistrange hadrons can also be produced
from the hadronic matter that dominates the later stage
of heavy ion collisions. In particular, the strangeness-
exchange reactions between antikaons and baryons, such
as K¯N → MΛ, K¯N → MΣ, K¯Λ → MΞ, K¯Σ → MΞ,
and K¯Ξ→MΩ with M denoting either pion or eta me-
son, have been shown in a multiphase transport model
[2] to contribute significantly to the production of mul-
tistrange baryons such as Ξ and Ω [3]. Among these
reactions, only the cross sections for K¯N → πΛ and
K¯N → πΣ have been measured in experiments [4,5]. In
Ref. [3], the cross sections for other processes are deter-
mined by assuming that they have the same transition
matrix elements as that for the empirically measured re-
action K¯N → πΣ.
To check the validity of the above assumption, we have
evaluated using the coupled-channel approach the cross
sections for Ξ production from the strangeness-exchange
reactions induced by K¯ on Λ and Σ. The interaction La-
grangians needed for this study are taken from a gauged
flavor SU(3) invariant hadronic Lagrangian with empiri-
cal hadron masses. In Refs. [6–8], the same Lagrangian
based on the SU(4) flavor symmetry has been used to
study reactions involving vector mesons and pseudoscalar
mesons. Here, we extend it to include the octet baryons.
A Lagrangian similar to ours has been used in Refs. [9,10]
to study the empirically known cross sections for the re-
actions K¯N → πΛ and K¯N → πΣ. Solving the coupled-
channel Bethe-Salpeter equation [11] for the transition
matrix, it has been found that the measured cross sec-
tions can be reproduced with appropriate form factors at
the interaction vertices. In the present study, we extend
the method of Refs. [10,12], which includes only the on-
shell part of the propagator in the Bethe-Salpeter equa-
tion but otherwise satisfies the unitarity condition, to
study the strangeness-exchange reactions for Ξ produc-
tion, i.e., K¯Λ → MΞ and K¯Σ → MΞ with M denoting
either pion or eta meson.
This paper is organized as follows. In Section II, we
introduce the hadronic model used for present study. In
particular, the interaction Lagrangians that are relevant
to Ξ production are derived from a gauged flavor SU(3)
invariant Lagrangian with empirical hadron masses. Val-
ues of the coupling constants are then determined from
the SU(3) symmetry with empirical input. The coupled-
channel method is introduced in Section III. To solve
the resulting Bethe-Salpeter equation for the transition
matrix, the lowest-order Born diagrams are evaluated to
construct the transition potential that drives the higher-
order contributions, and the K-matrix approximation is
used to reduce the Bethe-Salpeter equation to a simple
form. In Section IV, details of our calculations are given.
These include the transformation of the covariant tran-
sition matrix between the Dirac spinors to a transition
matrix between Pauli spinors, and the partial wave ex-
pansion of the transition amplitude. Results on both the
total and differential cross sections are given in Section V.
We include not only results on the strangeness-exchange
reactions for Ξ production but also those on the elastic
and inelastic processes. We further compare and discuss
the results obtained from the coupled-channel approach
with those from the Born approximation. Finally, con-
clusions are given in Section VI. In the Appendix, we
give the explicit expressions of the transition amplitudes
for all Born diagrams included in present study.
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II. THE HADRONIC MODEL
In this section, we introduce the Lagrangian based on
the gauged flavor SU(3) symmetry for describing the in-
teractions between mesons and baryons. Since the SU(3)
symmetry is explicitly broken by the appreciable differ-
ences in hadron masses, the empirical hadron masses are
used in the Lagrangian. For the coupling constants, we
shall determine them using the SU(3) symmetry in terms
of empirically known coupling constants.
A. The Lagrangian
The SU(3) invariant Lagrangian for octet pseudoscalar
mesons and baryons interacting through pseudovector
couplings can be written as
L = iTr(B¯∂/B) + Tr[(∂µP †)(∂µP )] + g′ {Tr[(1− α)
× B¯γ5γµB∂µP + (1 + α)(∂µP )B¯γ5γµB]
}
, (1)
where P and B denote, respectively, the 3 × 3 matrix
representations of pseudoscalar mesons and baryons, i.e.,
B =


Σ
0√
2
+ Λ√
6
Σ+ p
Σ− − Σ0√
2
+ Λ√
6
n
Ξ− Ξ0 −
√
2
3
Λ

 , (2)
P =
1
√
2


pi
0
√
2
+ η8√
6
+ η0√
3
pi+ K+
pi− − pi
0
√
2
+ η8√
6
+ η0√
3
K0
K− K¯0 −
√
2
3
η8 +
η0√
3

 .
(3)
In Eq.(1), g′ is the universal pseudovector coupling of
pseudoscalar mesons to baryons, while the parameter
α denotes the ratio of the F type coupling (Tr[(BB¯ +
B¯B)M ]) to the D type coupling (Tr[(BB¯ − B¯B)M ]).
To include the interactions of baryons and pseu-
doscalar mesons with vector mesons, we treat vector
mesons as gauge particles by replacing the partial deriva-
tive ∂µ in Eq.(1) with the covariant derivative
Dµ = ∂µ − i
2
g[Vµ, ], (4)
where V denotes the matrix representation of vector
mesons, i.e.,
V =
1√
2


ρ0√
2
+ ω√
2
ρ+ K∗+
ρ− − ρ0√
2
+ ω√
2
K∗0
K∗− K¯∗0 φ

 , (5)
and g denotes the universal coupling of vector mesons
with baryons and pseudoscalar mesons.
In Eq.(3), η8 and η0 are, respectively, the octet and
singlet eta mesons, and they are mixtures of physical η
and η′, i.e.,
η8 = cos θ η + sin θ η
′, η0 = − sin θ η + cos θ η′. (6)
The mixing angle θ is not well determined and has a value
between −10◦ and −23◦ [13]. In the present study, we
choose the mixing angle to be −23◦ but will study how
our results change when it is taken to be −10◦. Also, we
shall consider only the η meson in the present study as
the η′ meson is more massive and will not contribute sig-
nificantly to Ξ production from the strangeness-exchange
reactions in a hadronic matter.
B. Interaction Lagrangians
Expanding the Lagrangian in Eq. (1) using the ex-
plicit matrix representations of P , V , and B, we obtain
the following interaction Lagrangians that are relevant to
Ξ production in strangeness-exchange reactions:
Lρpipi = gρpipi~π · ∂µ~π × ~ρµ,
LρKK = −igρKK(K¯~τ∂µK − ∂µK¯~τK) · ~ρµ,
LωKK = −igωKK(K¯∂µK − ∂µK¯K)ωµ,
LφKK = −igφKK(K¯∂µK − ∂µK¯K)φµ,
LK∗Kpi = −igK∗Kpi(K¯~τK∗µ · ∂µ~π − ∂µK¯~τK∗µ · ~π)
+ H.c,
LK∗Kη = −igK∗Kη(K¯K∗µ∂µη − ∂µK¯K∗µη) + H.c,
LpiΛΣ = fpiΛΣ
mpi
Λ¯γ5γµ~Σ · ∂µ~π +H.c,
LpiΣΣ = i fpiΣΣ
mpi
~¯Σγ5γµ · ~Σ× ∂µ~π,
LpiΞΞ = fpiΞΞ
mpi
Ξ¯γ5γµ~τΞ · ∂µ~π,
LηΛΛ = fηΛΛ
mη
Λ¯γ5γµΛ∂µη,
LηΣΣ = fηΣΣ
mη
Σ¯γ5γµΣ∂µη,
LηΞΞ = fηΞΞ
mη
Ξ¯γ5γµΞ∂µη
LKNΛ = fKNΛ
mK
N¯γ5γµΛ∂µK +H.c.,
LKNΣ = fKNΣ
mK
N¯γ5γµ~τ · ~Σ∂µK +H.c.,
LKΛΞ = fKΛΞ
mK
Ξ¯γ5γµΛ∂µK¯
T +H.c,
LKΣΞ = fKΣΞ
mK
Ξ¯γ5γµ~τ · ~Σ∂µK¯T +H.c,
LρΣΣ = igρΣΣ ~¯Σγµ · ~Σ× ~ρµ,
LρΞΞ = gρΞΞΞ¯γµ~τΞ · ~ρµ
LK∗ΛΞ = gK∗ΛΞΞ¯γµΛK¯∗Tµ +H.c,
LK∗ΣΞ = gK∗ΣΞΞ¯γµ~τ · ~ΣK¯∗Tµ +H.c, (7)
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In the above, ~τ are Pauli matrices; ~π, ~ρ, and ~Σ denote
the pion, rho meson, and sigma hyperon isospin triplets,
respectively, with the usual phase convention of defining
the positively charged states with an extra minus sign
with respect to the isospin state |I = 1, Iz = 1 >. Fur-
thermore, K¯ = (K−, K¯0), and K¯∗ = (K∗−, K¯∗0) denote
the pseudoscalar and vector antikaon isospin doublets,
respectively, and Ξ¯ = (Ξ¯−, Ξ¯0) is the cascade hyperon
isospin doublet.
In terms of the SU(3) coupling constants g, g′, α, and
the mixing angle θ, the hadronic coupling constants in-
troduced in Eq.(7) can be expressed as
gρpipi =
g
4
, gρKK = −g
4
, gωKK = −g
4
, gφKK =
g
2
√
2
,
gK∗Kpi =
g
4
, gK∗Kη =
√
3
4
cos θ g,
gρΣΣ = −g
2
, gρΞΞ = −g
4
, gK∗ΛΞ =
√
3
4
g, gK∗ΣΞ =
g
4
,
fpiΛΣ
mpi
=
1√
3
g′,
fpiΣΣ
mpi
= −αg′, fpiΞΞ
mpi
=
1− α
2
g′,
fηΛΛ
mη
= −
(
cos θ√
3
+
√
2
3
sin θ
)
g′,
fηΣΣ
mη
=
(
cos θ√
3
−
√
2
3
sin θ
)
g′,
fηΞΞ
mη
= −
(
3α+ 1
2
√
3
cos θ +
√
2
3
sin θ
)
g′,
fKNΛ
mK
= −3α+ 1
2
√
3
g′,
fKNΣ
mK
=
1− α
2
g′,
fKΛΞ
mK
=
3α− 1
2
√
3
g′,
fKΣΞ
mK
=
1 + α
2
g′. (8)
The above hadronic coupling constants can be related
to the coupling constants between pion and rho meson
with nucleon, which are defined by
LpiNN = fpiNN
mpi
N¯γ5γµ~τN · ∂µ~π,
LρNN = gρNN N¯γµ~τN · ~ρµ, (9)
with
fpiNN
mpi
=
1 + α
2
g′, gρNN =
g
4
. (10)
From the empirical values fpiNN = 1.00, gρNN = 3.25
[14], and D/(D + F ) = 1/(1 + α) = 0.64 [15], we obtain
g′ = 9.2 GeV−1, g = 13.0, and α = 0.56. Substitut-
ing these parameters into Eq. (8) gives us the hadronic
coupling constants in the interaction Lagrangians. Their
values are given in Table I.
Vertex f Vertex g Vertex g gt
πNN 1.00 ρππ 3.25 ρNN 3.25 19.8
πΛΣ 0.741 ρKK -3.25 ρΛΣ 0.0 17.9
πΣΣ -0.722 ωKK -3.25 ρΣΣ -6.50 -18.0
πΞΞ 0.281 φKK 4.60 ρΞΞ -3.25 7.79
ηΛΛ -1.06 K∗Kπ 3.25 ωΛΛ 0.0 10.0
ηΣΣ 4.26 K∗Kη 5.18 ωΣΣ 0.0 32.1
ηΞΞ -1.98 φΛΛ 0.0 28.4
KNΛ -3.52 K∗ΛΞ 5.63 6.52
KNΣ 0.992 K∗ΣΞ 3.25 26.4
KΛΞ 0.900
KΣΞ 3.54
TABLE I: Coupling constants used in the present study.
They are determined from empirically known coupling
constants using relations derived from the SU(3) symme-
try.
C. Tensor interactions
Besides the vector interactions between vector mesons
and baryons introduced in Eq.(4) through the minimal
substitution, there also exist tensor interactions. In the
present study, we assume that the tensor interactions
are SU(3) invariant and have both D and F type as the
interactions between pseudoscalar mesons and baryons.
The vector meson and baryon interaction Lagrangian can
then be written as
LV BB = gTr(B¯γµVµB) + g
t
2m
Tr
[
(1− α)B¯σµνB∂µVν
+ (1 + α)(∂µVν)B¯σ
µνB
]
, (11)
where m is the SU(3) degenerate baryon mass and gt is
the universal tensor coupling constant. To include the
symmetry breaking effect, we replace 2m in the above
equation by the average empirical masses of the two
baryons at an interaction vertex. One usually introduces
the parameter κ = gt/g to denote the ratio of tensor to
vector couplings.
Expanding Eq.(11) using the matrix representations of
the vector mesons and baryons, we obtain the following
relations among tensor coupling constants
gtρΛΣ
mΛ +mΣ
=
2√
3(1 + α)
gtρNN
2mN
,
gtρΣΣ
2mΣ
= − 2α
1 + α
gtρNN
2mN
,
gtρΞΞ
2mΞ
=
1− α
1 + α
gtρNN
2mN
,
gtωΛΛ
2mΛ
=
2
3(1 + α)
gtρNN
2mN
,
gtωΣΣ
2mΣ
=
2
1 + α
gtρNN
2mN
,
3
gtφΛΛ
2mΛ
=
4
√
2
3(1 + α)
gtρNN
2mN
,
gtK∗ΛΞ
mΛ +mΞ
=
3α− 1√
3(1 + α)
gtρNN
2mN
,
gtK∗ΣΞ
mΞ +mΣ
=
gtρNN
2mN
. (12)
From the empirical value for the rho meson tensor in-
teraction with nucleons, i.e., gtρNN = 19.8 [14], we obtain
from Eq.(12) the tensor coupling constants shown in Ta-
ble I.
III. THE COUPLED-CHANNEL APPROACH
In Refs. [9,10], a coupled-channel approach based on
a Lagrangian similar to the one introduced in Section II
has been used for evaluating the cross sections for the
strangeness-exchange reactions K¯N → πΛ and K¯N →
πΣ. In this paper, we extend the couple-channel method
to study the reactions K¯Λ → πΞ and K¯Σ → πΞ for Ξ
production. We further consider reactions involving an
eta meson instead of a pion in the final state.
The transition matrix in the present study is a 4 × 4
matrix with matrix elements denoting the transition am-
plitudes between the four channels K¯Λ, K¯Σ, πΞ, and
ηΞ. In the coupled-channel approach, the transition ma-
trix satisfies the Bethe-Salpeter equation,
T = V + V GT. (13)
In the above, V is the transition potential consisting of
all one- and two-particle irreducible connected diagrams,
and G is the dressed propagator.
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FIG. 1. Born diagrams for Ξ production from strangeness
exchange reactions.
Following Refs. [9,10], we include in the transition po-
tential V only the lowest-order Born diagrams. The di-
agrams in Fig. 1 are for the strangeness-exchange re-
actions leading to Ξ production. Figs. 2 and 3 give,
respectively, the diagrams for the elastic and inelastic
meson-baryon scattering processes.
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FIG. 2. Elastic scattering between mesons and hyperons.
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FIG. 3. Inelastic scattering between mesons and hyperons.
The Bethe-Salpeter equation can be rewritten in terms
of the imaginary part of the propagator, GI, as
T = K +KGIT, (14)
where the K matrix satisfies the equation
K = V + V GRK, (15)
with GR denoting the real part of the propagator.
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Following the frequently used K-matrix approxima-
tion, we set K = V , i.e., neglecting the real part of G
or the off-shell contribution in the intermediate states.
As shown in Ref. [10], using the on-shell propagator
GI = −2iπ2δ(k2m −m2m)δ(k2b −m2b)
× θ(k0m)θ(k0b )(kb/+mb), (16)
with mm and mb the masses of intermediate meson and
baryon, respectively, leads to a simple relation between
the transition matrix T and the transition potential V ,
i.e.,
T =
V
1 + iV
. (17)
It can be shown that the K-matrix approximation pre-
serves the unitarity of the transition matrix [10]. How-
ever, because of the neglect of GR, the scattering am-
plitude obtained from the K-matrix approximation may
not have the full analytic structure of the exact scatter-
ing amplitude. On the other hand, it has been shown in
Ref. [16] that for pion-nucleon scattering the results from
the Bethe-Salpeter equation are not very sensitive to the
approximation used for the propagator.
IV. CALCULATION DETAILS
A. Born amplitudes
Using the interaction Lagrangians in Section II, the
amplitudes for the Born diagrams shown in Figs. 1,
2, and 3 can be straightforwardly derived. Aside from
isospins, they are given generically by
Mt = g1 (qiµ + qfµ)
gµν − qµt qνt /m2t
t−m2t
× u¯f
[
(g2 + g
t)γν − gt piν + pfν
Mi +Mf
]
ui, (18)
Mu =
fi
mi
ff
mf
1
u−m2u
u¯fq/i(mu − q/u)q/fui,
Ms =
fi
mi
ff
mf
1
s−m2s
u¯fq/i(ms − q/s)q/fui, (19)
for the t, u and s channels, respectively. In the above, qi
and qf are the momenta of the initial and final mesons
with masses mi and mf , respectively; ui is the Dirac
spinor for the initial baryon with mass Mi and momen-
tum pi, while uf is that for the final baryon with massMf
and momentum pf ; and qt, qu and qs are the momenta
of the intermediate particles with masses mt, mu and ms
in the three channels. The coupling constants g1 and g2
in the t channel amplitude denote, respectively, the cou-
pling of the exchanged vector meson with pseudoscalar
mesons and baryons. The couplings of the initial and fi-
nal mesons with baryons in the u and s channel are given
by fi and ff , respectively. Explicit expressions including
isospins for the amplitudes of all diagrams in Figs. 1, 2,
and 3 are given in Appendix A.
Because of the finite size of hadrons, form factors are
needed at interaction vertices. All form factors are taken
to have the form
F (q2) =
Λ2
Λ2 + q2
. (20)
In the above, the momentum q is the three momentum
transfer for t channel diagrams, and the center-of-mass
momentum of the initial and finial mesons for u and s
channel diagrams. The cutoff parameter Λ is a parame-
ter and will be varied in our study. To reduce the number
of free parameters, we use the same cutoff parameter for
all vertices.
B. partial wave expansion
For processes involving pseudoscalar mesons and spin-
half baryons as studied here, the orbital angular momen-
tum is the same for the initial and the final state. As
shown in Ref. [10], the relation given in Eq. (17) between
the transition amplitude and the transition potential ob-
tained in the K-matrix approximation also applies to the
transition matrix for a given total angular momentum j
and orbital angular momentum l, i.e.,
T ′jl =
V ′jl
1 + iV ′jl
, (21)
where T ′ and V ′ are related to T and V by
T (pi, pf ) =
4π√
pipf
T ′(pi, pf ),
V (pi, pf ) =
4π√
pipf
V ′(pi, pf ), (22)
with pi and pf the magnitude of initial and final baryon
three momenta in the center-of-mass frame.
The total cross section is then given by
σtotal =
1
4π
pf
pi
∑
l
[
lT 2l− + (l + 1)T
2
l+
]
, (23)
where Tl± denotes Tl± 1
2
,l.
To derive Vjl from the the Born amplitudes, we use the
following relations given in Refs. [17,18]:
Vl±
4π
=
1
2
∫ 1
−1
(A˜Pl + B˜Pl±1)dx, (24)
where Vl± = Vl± 1
2
,l and
A˜ =
√
(Ei +Mi)(Ef +Mf )
8π
√
s
[A+B(
√
s− M¯)], (25)
B˜ =
√
(Ei −Mi)(Ef −Mf )
8π
√
s
[−A+B(√s+ M¯)]. (26)
5
In the above, M¯ = (Mi + Mf )/2 is the average of the
initial and final baryon masses; and Ei and Ef are, re-
spectively, the initial and final baryon energies.
The spin-independent (A) and spin-dependent (B) am-
plitudes are defined by
Mfi = u¯(pf , sf )
[
A+
B
2
(q/i + q/f )
]
u(pi, si), (27)
and can be evaluated according to
A = As +At +Au,
B = Bs +Bt +Bu. (28)
The various terms on the right-hand side of the above
equation are obtained from the Born amplitudes, and
aside from isospins they are given explicitly by
As =
fi
mi
ff
mf
1
s−m2s
{
ms
[
s− 1
2
(M2i +M
2
f )
]
− 1
2
(Mi +Mf )(MiMf − s)
}
, (29)
Bs =
fi
mi
ff
mf
1
s−m2s
[−mu(Mi +Mf )
− s−mimf ], (30)
for the s channel Born amplitude,
At =
g1
t−m2t
[
g2
m2t
(m2i −m2f )(Mi −Mf)
− g
t
Mi +Mf
(qi + qf ) · (pi + pf)
]
, (31)
Bt =
2g1(g2 + g
t)
t−m2t
, (32)
for the t channel Born amplitude, and
Au =
fi
mi
ff
mf
1
u−m2u
{(mu +Mf ) [s − 2EfEi
√
s
+ 2pf · pi −MiMf + 1
2
(Mi +Mf )
2
]
− 1
2
(2qi · pf −m2i )(Mi −Mf)
}
, (33)
Bu =
fi
mi
ff
mf
1
u−m2u
[(mu +Mf )(Mi +Mf)
+ m2i − 2qi · pf ], (34)
for the u channel Born amplitude.
V. RESULTS
In this section, we show both the total and differen-
tial cross sections obtained from the coupled-channel ap-
proach for the strangeness-exchange reactions K¯Λ→ πΞ,
K¯Σ→ πΞ, K¯Λ→ ηΞ, and K¯Σ→ ηΞ. These results will
be compared with those obtained from the Born approx-
imation. We further show the total cross sections for the
elastic processes K¯Λ→ K¯Λ, K¯Σ→ K¯Σ, πΞ→ πΞ, and
ηΞ→ ηΞ as well as for the inelastic processes K¯Λ→ K¯Σ
and πΞ → ηΞ. All cross sections are obtained from
Eq.(23) by averaging over initial and summing over fi-
nal particle spins and isospins.
A. Strangeness-exchange reactions
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FIG. 4. Cross sections for Ξ production in strangeness ex-
change reactions as functions of center-of-mass energy from
the coupled-channel approach with cutoff parameters Λ = 1
(solid curves) and 2 GeV (dotted curves).
Results on the cross sections for Ξ production from the
strangeness-exchange reactions K¯Λ → πΞ, K¯Σ → πΞ,
K¯Λ → ηΞ, and K¯Σ → ηΞ are shown in Fig. 4. These
cross sections are evaluated using the coupled-channel
approach with cutoff parameters Λ = 1 and 2 GeV. It is
seen that the cross sections do not depend strongly on
the value of the cutoff parameter. Since the reactions
with pions in the final state is exothermic, their cross
sections diverge at threshold. On the other hand, the re-
actions with etas in the final state are endothermic and
have thus vanishing cross section at threshold. For all
four reactions, the cross sections at energies much above
threshold are a few mb, with those involving pions in the
final state about twice as large as those involving etas in
the final state.
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FIG. 5. Cross sections for Ξ production in strangeness ex-
change reactions as functions of center-of-mass energy from
the Born approximation with cutoff parameters Λ = 1 (solid
curves) and 2 GeV (dotted curves).
The results from the coupled-channel approach are
very different from those given by the Born approxima-
tion. As shown in Fig. 5, the cross sections evaluated
using the Born approximation have a stronger depen-
dence on the value of the cutoff parameter than those
from the coupled-channel approach. Furthermore, cross
sections from the Born approximation in general increase
with center-of-mass energy much faster than those from
the coupled-channel approach, particularly for the pro-
cesses K¯Σ → πΞ and K¯Σ → ηΞ. As a result, the Born
approximation gives a much larger cross section than the
corresponding one from the coupled-channel approach.
The difference is large for the larger cutoff parameter.
This is easily seen from Eq.(17), as the transition ampli-
tude from the coupled-channel approach is bounded as
the magnitude of the transition potential increases. Our
results thus demonstrate the importance of the unitarity
constraint, which is satisfied in the coupled-channel ap-
proach, on the determination of the magnitude for the Ξ
production cross sections.
We have also evaluated the differential cross sections
for the strangeness-exchange reactions, and the results
at center-of-mass energies of 0.05, 0.1, 0.2, and 0.3 GeV
above the threshold are shown in Fig.6. As expected, the
angular distribution is relatively flat near threshold and
becomes more forward peaked as the energy increases.
For all four processes, the shapes of their differential cross
sections from the coupled-channel approach are, however,
similar to those obtained from the Born approximation,
which are shown in Fig. 7.
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FIG. 6. Differential cross sections for strangeness-exchange
reactions obtained from the coupled-channel approach at dif-
ferent center-of-mass energies above the threshold.
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FIG. 7. Differential cross sections for strangeness-exchange
reactions obtained from the Born approximation at different
center-of-mass energies above the threshold.
B. Elastic and inelastic scattering processes
The transition matrix T also contains information on
the cross sections for the elastic processes K¯Λ → K¯Λ,
K¯Σ → K¯Σ, πΞ → πΞ, and ηΞ → ηΞ as well as for the
inelastic processes K¯Λ → K¯Σ and πΞ → ηΞ. The re-
sults are shown in Fig. 8. As in the case of strangeness-
exchange reactions, these cross sections do not depend
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strongly on the cutoff parameter. All four elastic scat-
tering cross sections are relatively large. For inelastic
processes, the cross section for K¯Λ → K¯Σ is a few mb
but it is less than one mb for the reaction πΞ→ ηΞ.
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FIG. 8. Cross sections for elastic and inelastic processes
from the coupled-channel approach for cutoff parameters
Λ = 1 GeV (solid curves) and Λ = 2 GeV (dash curves).
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FIG. 9. Cross sections for elastic and inelastic processes ob-
tained from the Born approximation with cutoff parameters
Λ = 1 GeV (solid curves) and Λ = 2 GeV (dash curves).
For comparisons, we show in Fig. 9 the cross sections
for the elastic and inelastic processes obtained from the
Born approximation. It is seen that the results depend
strongly on the value of the cutoff parameter. Except
for the reaction ηΞ→ ηΞ, the Born approximation gives
much larger cross sections than the coupled-channel ap-
proach if the cutoff parameter is Λ = 2 GeV. However,
with a smaller cutoff parameter of Λ = 1 GeV, the results
from the two approaches become comparable. The cross
section for the reaction ηΞ→ ηΞ in the Born approxima-
tion is much smaller than that for the reaction πΞ→ πΞ
due to the absence of t channel diagram as shown in Fig.
2. Comparing the Born cross section for the reaction
ηΞ → ηΞ with that from the coupled-channel approach
shows that the coupled-channel effect increases its cross
section significantly.
Another difference between the cross sections from the
coupled-channel approach and those from the Born ap-
proximation is that the former do not have as smooth
an energy dependence as the latter. This is due to the
fact that in the coupled-channel approach the coupling
to a different channel in the intermediate states is en-
hanced whenever the energy is above its threshold. For
example, in the reaction πΞ→ πΞ, which has the lowest
total channel mass, effects of other channels such as K¯Λ,
K¯Σ, and ηΞ appears successively with increasing energy
as shown in Fig. 8.
C. Mixing angle dependence
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FIG. 10. Cross sections for strangeness-exchange reactions
using two different mixing angles between the singlet and
octet eta mesons. The cut-off parameter is Λ = 1 GeV in
both cases.
To see the dependence of our results on the mixing an-
gle between the singlet and octet eta mesons, we have also
calculated the cross sections for the strangeness-exchange
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reactions using a mixing angle of θ = −10◦ and a cut-
off parameter of Λ = 1 GeV. In Fig. 10, we compare the
results with those using θ = −23◦ and the same cutoff pa-
rameter. We find that the cross sections for the reactions
K¯Λ→ πΞ and K¯Σ→ πΞ are essentially the same for the
two mixing angles as the eta meson affects their cross sec-
tions only indirectly through the coupled-channel effect.
For the reactions K¯Λ→ ηΞ and K¯Σ→ ηΞ involving the
eta meson in the final state, there are slightly variations
between the cross sections from the two mixing angles.
VI. CONCLUSIONS
To evaluate the Ξ production cross section from the
strangeness-exchange reactions between K¯ and hyperons
Λ and Σ, we have carried out a coupled-channel calcula-
tion including the four channels K¯Λ, K¯Σ, πΞ, and ηΞ.
The resulting coupled-channel Bethe-Salpeter equation
for the transition matrix is solved in the K-matrix ap-
proximation, i.e., neglecting the real part of the propa-
gator or the off-shell contribution in the Bethe-Salpeter
equation.
The transition potential, which drives the higher-order
effects in the Bethe-Salpeter equation, is obtained from
the lowest-order Born diagrams for processes between
these channels. The Born diagrams, which generally
include the s, t, and u channels, are evaluated from a
gauged SU(3) flavor invariant Lagrangian. The symme-
try breaking effect is taken into account by using em-
pirical masses. For coupling constants in the interac-
tion Lagrangians, they are determined from empirically
known coupling constants using relations derived from
the SU(3) symmetry. Form factors are then introduced
at interaction vertices to take into account the finite size
of hadrons.
Both total and differential cross sections for the
strangeness-exchange reactions K¯Λ → πΞ, K¯Σ → πΞ,
K¯Λ → ηΞ, and K¯Σ → ηΞ are evaluated. We find that
values of these cross sections are not small and are not
very dependent on the values of the cutoff parameters
introduced in the form factors. This is in contrast with
the cross sections evaluated in the Born approximation,
which shows a much stronger dependence on the cutoff
parameter. Our results thus demonstrate the importance
of unitarity, which is satisfied by the coupled-channel ap-
proach in the K-matrix approximation but not in the
Born approximation, in evaluating the cross section for
Ξ production from strangeness-exchange reactions.
As a byproduct of our study, we have also obtained
the cross sections for the elastic process K¯Λ → K¯Λ,
K¯Σ → K¯Σ, πΞ → πΞ, and ηΞ → ηΞ as well as for
the inelastic processes K¯Λ → K¯Σ and πΞ → ηΞ. As
for the strangeness-exchange reactions, the cross sections
obtained from the coupled-channel approach are less de-
pendent on the cutoff parameters than those from the
Born approximation.
The results from our study are useful for relativistic
heavy ion collisions. Values of the Ξ production cross
sections from our study are not small and are compara-
ble to those used in a recent transport model calculations
[3]. In this study, it has been found that the strangeness-
exchange reactions play an important role in the produc-
tion of multistrange baryons such as Ξ and Ω in heavy
ion collisions at the SPS energies if one does not assume
that the quark-gluon plasma is formed in the collisions.
Heavy ion collisions at energies below the production
threshold for Ξ in the nucleon-nucleon interaction may be
useful for testing the results obtained in present study.
If the heavy ion collision energy is above the thresholds
for K¯, Λ and Σ, which are lower than that for Ξ, Ξ
can still be produced via the K¯ induced strangeness-
exchange reactions on Λ and Σ. The Ξ yield in heavy
ion collisions at such subthreshold energies is thus sensi-
tive to the cross sections for these strangeness-exchange
reactions. A similar idea via the strangeness-exchange
reaction πΛ → K¯N [19–21] has been found to be im-
portant for explaining the observed enhancement of K−
production in heavy ion collisions at energies below its
production threshold in the nucleon-nucleon interaction
[22].
For future studies, it would be of interest to extend
present study to Ω production from the strangeness-
exchange reactions K¯Ξ → πΩ and K¯Ξ → ηΩ. This
is particular important as the enhancement of Ω pro-
duction in relativistic heavy ion collisions is even larger
than that for Ξ [23]. Knowledge of these cross sections is
thus needed to determine if these strangeness-exchange
reactions also contribute significantly to Ω production in
relativistic heavy ion collisions. Since Ω belongs to the
decuplet representation of SU(3), both the interaction
Lagrangians and the partial wave expansion involved in
the calculation will be different from those for Ξ, which
belongs to the octet representation of SU(3).
It will also be of interest to improve the results from
the coupled-channel approach by including the off-shell
effects due to the real part of the propagator in the
Bethe-Salpeter equation, which has been neglected in the
present study.
Finally, there also exists other approach to the re-
actions K¯N → πΛ and K¯N → πΣ based on the
SU(3)× SU(3) chiral Lagrangian [24]. Since chiral sym-
metry imposes additional constrains on meson-baryon
scattering amplitudes at low-energies, it is important to
see how the results obtained from present approach are
modified by chiral symmetry.
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APPENDIX
In this appendix, we give explicit expressions for the
amplitudes of all the diagrams in Figs. 1, 2, and 3.
1) K¯Λ→ πΞ:
Mt = gK∗KpigK∗ΛΞ τ
a
ij (pKiµ + ppiaµ)
× g
µν − qµt qνt /m2K∗
t−m2K∗
× Ξ¯j
[
(1 + κ)γν − κpΛν + pΞν
mΛ +mΞ
]
Λ, (1)
Mu =
fKΣΞ
mK
fpiΣΛ
mpi
τaij
1
u−m2Σ
× Ξ¯jp/Ki(mΣ − q/u)p/piaΛ, (2)
Ms =
fKΛΞ
mK
fpiΞΞ
mpi
τaij
1
s−m2Ξ
× Ξ¯jp/pia(mΞ − q/s)p/KiΛ. (3)
2) K¯Λ→ ηΞ:
Mt = gK∗KηgK∗ΛΞ δij (pKiµ + pηµ)
× g
µν − qµt qνt /m2K∗
t−m2K∗
× Ξ¯j
[
(1 + κ)γν − κpΛν + pΞν
mΛ +mΞ
]
Λ, (4)
Mu =
fKΣΞ
mK
fηΣΛ
mη
δij
1
u−m2Λ
× Ξ¯jp/Ki(mΛ − q/u)p/ηΛ, (5)
Ms =
fKΛΞ
mK
fηΞΞ
mη
δij
1
s−m2Ξ
× Ξ¯jp/η(mΞ − q/s)p/KiΛ. (6)
3) K¯Σ→ πΞ:
Mt = gK∗KpigK∗ΣΞ (τ
aτb)ij (pKiµ + ppiaµ)
× g
µν − qµt qνt /m2K∗
t−m2K∗
× Ξ¯j
[
(1 + κ)γν − κpΣν + pΞν
mΣ +mΞ
]
Σb, (7)
Mu1 =
fKΣΞ
mK
fpiΣΣ
mpi
iǫdbaτdij
1
u−m2Σ
× Ξ¯jp/Ki(mΣ − q/u)p/piaΣb, (8)
Mu2 =
fKΛΞ
mK
fpiΣΛ
mpi
δabδij
1
u−m2
Λ
× Ξ¯jp/Ki(mΛ − q/u)p/piaΣb,
Ms =
fKΣΞ
mK
fpiΞΞ
mpi
(τbτa)ij
1
s−m2Ξ
× Ξ¯jp/pia(mΞ − q/s)p/KiΣb. (9)
4) K¯Σ→ ηΞ:
Mt = gK∗KηgK∗ΣΞ τ
a
ij (pKµ + pηµ)
× g
µν − qµt qνt /m2K∗
t−m2K∗
× Ξ¯j
[
(1 + κ)γν − κpΣν + pΞν
mΣ +mΞ
]
Σa, (10)
Mu =
fKΣΞ
mK
fηΣΣ
mη
τaij
1
u−m2Σ
× Ξ¯jp/Ki(mΣ − q/u)p/ηΣa, (11)
Ms =
fKΣΞ
mK
fηΞΞ
mη
τaij
1
s−m2
Ξ
× Ξ¯jp/η(mΞ − q/s)p/KiΣa. (12)
5) K¯Λ→ K¯Λ:
Mt =
[
gωKKg
t
ωΛΛ
gµν − qµt qνt /m2ω
t−M2ω
+ gφKKg
t
φΛΛ
gµν − qµt qνt /m2φ
t−M2φ
]
× δij (pKiµ + pKjµ)
× Λ¯
[
γν − pΛν + p
′
Λν
2mΛ
]
Λ, (13)
Mu =
fKNΛ
mK
fKNΛ
mK
δij
1
u−m2N
× Λ¯p/Ki(mN − q/u)p/K¯jΛ, (14)
Ms =
fKΛΞ
mK
fKΛΞ
mK
δij
1
s−m2Ξ
× Λ¯p/Kj (mΞ − q/s)p/KiΛ. (15)
6) K¯Σ→ K¯Σ:
Mt = gρKKgρΣΣ iǫ
abcτcij (pKiµ + pKjµ)
× g
µν − qµt qνt /m2ρ
t−m2ρ
× Σ¯a
[
(1 + κ)γν − κ
pΣaν + pΣbν
2mΣ
]
Σb
+ gωKKg
t
ωΣΣδijδab(pKiµ + pKjµ)
× g
µν − qµt qνt /m2ω
t−m2ω
× Σ¯a
[
γν − pΣaν + pΣbν
2mΣ
]
Σb, (16)
Mu =
fKNΣ
mK
fKNΣ
mK
(τaτb)ij
1
u−m2N
× Σ¯ap/Ki(mN − q/u)p/KjΣb, (17)
Ms =
fKΣΞ
mK
fKΣΞ
mK
(τbτa)ij
1
s−m2
Ξ
× Σ¯ap/Kj (mΞ − q/s)p/KiΣb. (18)
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7) πΞ→ πΞ:
Mt = gρpipigρΞΞ iǫabcτ
c
ij (ppiaµ + ppibµ)
× g
µν − qµt qνt /m2ρ
t−m2ρ
× Ξ¯j
[
(1 + κ)γν − κ
pΞfν + pΞiν
2mΞ
]
Ξi, (19)
Mu =
fpiΞΞ
mpi
fpiΞΞ
mpi
(τaτb)ij
1
u−m2
Ξ
× Ξ¯jp/pib(mΞ − q/u)p/piaΞi, (20)
Ms =
fpiΞΞ
mpi
fpiΞΞ
mpi
(τbτa)ij
1
s−m2Ξ
× Ξ¯jp/pia(mΞ − q/s)p/pibΞi. (21)
8) ηΞ→ ηΞ:
Mu =
fηΞΞ
mη
fηΞΞ
mη
δij
1
u−m2Ξ
× Ξ¯jp/ηi(mΞ − q/u)p/ηfΞi, (22)
Ms =
fηΞΞ
mη
fηΞΞ
mη
δij
1
s−m2
Ξ
× Ξ¯jp/ηf (mΞ − q/s)p/ηiΞi. (23)
9) K¯Λ→ K¯Σ:
Mt = gρKKg
t
ρΣΛ τ
a
ij (pKiµ + pKjµ)
× g
µν − qµt qνt /m2ρ
t−m2ρ
× Σ¯a
[
γν − pΣaν + pΛν
mΛ +mΣ
]
Λ, (24)
Mu =
fKNΣ
mK
fKNΛ
mK
τaij
1
u−m2N
× Σ¯ap/Ki(mN − q/u)p/KjΛ, (25)
Ms =
fKΛΞ
mK
fKΣΞ
mK
τaij
1
s−m2
Ξ
× Σ¯ap/Kj (mΞ − q/s)p/KiΛ. (26)
10) πΞ→ ηΞ:
Mu =
fpiΞΞ
mpi
fηΞΞ
mη
τaij
1
u−m2Ξ
× Ξ¯jp/pia(mΞ − q/u)p/ηΞi, (27)
Ms =
fpiΞΞ
mpi
fηΞΞ
mη
τaij
1
s−m2Ξ
× Ξ¯jp/η(mΞ − q/s)p/piaΞi. (28)
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